•S, FeS•., and Fe when constrained to the seismologically obtained density-pressure profiles of the outer core of the earth indicate a systematic decrease of apparent sulfur content from 10 to 6.5% with depth. When the shock data are reduced to isotherms, a nearly constant sulfur content in the range 9-12% is inferred. Using these bounds on the sulfur content of the core, and depending on whether an olivine or pyroxene mantle stoichiometry is assumed, the earth can be modeled as being depleted in S by a factor ranging from 1.7 to 3.2 with respect to the abundances of Si and from 2.8 to 7.5 relative to the abundance of Fe, in CCI carbonaceous chondrites. It is concluded that although th,e shock wave data permit the major light element in the core to be sulfur, the earth can be modeled as being depleted in sulfur, along with other volatile elements. A systematic relation, Co(km/s) = 7.15 -0.4712, was also discovered upon comparison of the inferred densities and bulk sound speeds (Co) of the hpp's of the iron sulfides with other measurements for 12 sulfides and elemental sulfur. Here I? is the volume (in cubic centimeters) per mole of atoms.
INTRODUCTION AND BACKGROUND
first pointed out the possibility that a lighter element such as Si, or C in the Earth's core, may account for its apparently lower density and higher seismic parameter than that of pure iron. Knopoff and MacDonald [1960] compared the shock compression data to 400 GPa (4 Mbar) for pure iron [Al'tshuler et al., 1958a] and other elements with the seismologically determined pressure-density and pressure-seismic velocity relations for the earth's core and concluded that the mean atomic number m of the core was about 23, which is significantly less than that for iron (m = 26). Birch [1964] and McQueen and Marsh [1966] concluded, on the basis of new shock data for iron and iron-nickel, that the core was less dense than pure iron or iron-nickel by 8 and 10 wt %, respectively. The nature of the light element(s) which may be present in the earth's core has been critically reviewed by Jacobs [1975] , Ringwood [1975 Ringwood [ , 1977 , and Brett [1976] .
The concept that sulfur is present in the interiors of the terrestrial planets in significant quantities has been revived, after an early suggestion of GoldschmMt [1922] , by Mason [ 1966] , Hall [ 1970, 1972] Smith [1977] on the basis of elemental abundances in enstatite chondrites and in a large class of iron and stony meteorites, and from the theoretical considerations of mineral condensation sequences, [e.g., Grossman, 1972; Lewis, 1972] .
In the present paper, constraints on the possible content of sulfur in the outer and inner core of the earth are calculated on the basis of new shock compression data extending to • 160 GPa (1.6 Mbar) for Fe0.•S (pyrrhotite) and existing data for iron [Al'tshuler et al., 1962; McQueen et al., 1970] . These results, which supplement earlier data reported by King and Ahrens [1973] and several new data for FeS2 extending to 320 GPa (3.2 Mbar) reported by $imakov et al. [1974] , are analyzed and reduced to isothermal equations of state. These reduced data are in turn used to obtain apparent sulfur contents via comparison with pressure-density data for the core obtained from inversion of the earth's free oscillation spectra [e.g., Hart et al., 1977; Gilbert and Dziewonski, 1975 ].
In the case of FeS, troilite, reconnaissance studies of its polymorphism under high pressure with diamond anvil X ray apparati are reported by Taylor and MaD [1970] and more recently by Pichulo et al. [1976] . The latter authors report two phase changes: the first, a minor transition of the initial distorted NiAs structure, involves a density increase of • 1% in the 3.3-to 3.7-GPa range, and a second, occurring between 5.7 and 7.4 GPa, has an apparent density increase of • 15%. This latter phase, FeS(lll), was tentatively indexed as an orthorhombic structure.
Previous equation of state studies for pyrite, FeS2, include the early static compression study of Bridgman [1949] to 3 G Pa, a series of ultrasonic measurements on single crystals summarized by Simmons and Wang [1971] , static X ray compression data to 27 GPa reported by Clendenen and Drickamer [1966] , and, most recently, some shock compression data to 320 GPa [Simakov et al., 1974] . The latter data, which demonstrate polymorphism in FeS• above •30 GPa, are analyzed in parallel with the new data for pyrrhotite to place constraints on the possible sulfur content of the core.
EXPERIMENTAL PROCEDURES FOR SHOCK EXPERIMENTS ON PYRRHOTITE SINGLE CRYSTALS
A series of shock experiments with final shock stresses in the range 2.6-158 GPa were carried out on randomly oriented aliquots cut from three single crystals of natural pyrrhotite (Tables 1 and 2) . Following Walsh and Christian [1955] , it is assumed that the mean principal stresses are essentially equal to the shock stress, and both are considered equivalent to pressure in the following treatment. Sixteen samples of irregular outline were selected to be crack and inclusion free on the For the purposes of measuring Hugoniot and release adiabat equation of state data, the samples were mounted on 2024 AI and W driver plates, 1.5 mm thick, in the case of shock compressions carried out on the 40-mm gun apparatus; and 0.5-mm-thick, Ta driver plates in the case of the two light gas gun experiments (LGG19 and LGG12, Table 3 ). Flat and inclined mirrors [Doran, 1963] were mounted on the sample assemblies in order to measure shock and free-surface velocities in the 40-mm gun experiments applying the techniques described by Ahrens et al. [1971, 1973] . The impedance-match method was used to obtain final shock states on the experiments using both apparati and employing shock wave data for the standard materials (2024 AI, W, and Ta) [McQueen et al., 1970] . In the 40-mm gun experiments in which a two-wave structure was detected, the particle velocity behind the first wave was obtained using the free-surface approximation [Walsh and Christian, 1955] •_o E using the configuration described by Jeanloz and Ahrens [1977] . In the 40-ram experiments, 3.8-and 2.5-mm-thick 2024A1 or polycrystalline, drawn W flyer plates imbedded in polycarbonate projectiles were used to impact the sample. In the light gas gun experiments the polycrystalline tantalum flyer plates were 2.5 mm thick, and projectile velocities were measured using the flash X ray timing techniques described by Jeanloz and Ahrens [1977] . In the 40-mm gun propellant apparatus the laser obscuration technique of Ahrens et al. [1971] was used to measure projectile velocity. Shock velocities were measured by determining the times at which specular reflection of the image of a xenon light source (380 J; rise time, 100 #s) is extinguished upon interaction of the shock wave with the lapped driver plate-mirror or sample-mirror interfaces in the case of both guns. Although time resolutions of •2 and •4 ns are, in principle, achievable at writing rates of 13 and 25 mm/ #s, using an image converter streak camera, uncertainties in interpreting changes in optical density on the film increased the uncertainties in shock velocity to the values quoted in Table 3 , on a shot by shot basis. Time calibration of the streak camera writing rates to within +0.25% ar6 obtained using a Pockel's-cell modulated Ar-ion laser beam which provides 50-ns timing marks [Jeanloz and Ahrens, 1977 ].
EXPERIMENTAL RESULTS FOR PYRRHOTITE
As demonstrated by the streak camera record shown in Figure 1 , a very distinct double-wave structure was observed in three inclined mirror experiments with final shock states below 12 G Pa. On the basis of the slight variation of the first wave front shock wave velocity, which for the first four shots listed in Table 3 Figure 2 and the associated data for the free-surface velocities strongly indicate that the doublewave structure represents a phase change. The variation in observed amplitude is probably the result of different sample orientations or the slight differences in stoichiometry and resuitant Fe ++ vacant site ordering in different samples. The most striking evidence for shock-induced polymorphism above 4.7 GPa is the anomalously low free-surface velocities ufs observed using inclined mirrors for shots 360, 376, 385, and 361, which are all considerably lower than twice the shock state particle velocity URH.
Assuming isentropic rarefaction from the high-pressure shock state, a constraint on the minimum postshock specific volume, Vo', may be obtained from the formula [Lyzenga and Abrens, 1978] shock-induced phase transition occurs in FeS2..Aside from the large density increase upon compression, the evidence for this is rather definitive in that the same apparent shock velocity is measured for 'final shock states' at 28.9 and 38.5 GPa. Because the first wave arrival detected with the pin contactor techniques employed by Simakov et al. had a constant velocity, it is likely that a multiple-shock wave was present in their 28.9-and 38.5-GPa experiments. The lower pressure value (28.9 GPa) is taken as an approximation to the transition pressure to an hpp of unknown structure. This is not likely to be a finite strength elastic shock, both because of its high amplitude and because the velocity measured, 7.00 km/s, is significantly lower than the 8.72 km/s observed by Simmons and Birch [ 1963] •S, varied from 1.0 to 2.5, and initial densities varied from 5.33 to 5.46 g/cm a. In the case of FeS2 the small data set precluded attempting to obtain separately a best fit for zero-pressure density and Grtineisen parameter; however, the latter was varied from 1.4 to 2.5. Best fits for the shock wave data, in terms of principal isentropes for both the fourth-order, Eulerian, finite strain equation and the Birch-Murnaghan equation are given in Table 4 . Since it has long been recognized that there is physically no unique basis for developing various finite strain formulae [e.g., Knopoff, 1960] , it is appropriate to examine the data for both Feo.
•S and FeS2 in terms of another equation of state framework. A convenient pressure-volume curve to represent an isentrope is (7). If (7) represents an isentrope, it may be integrated to yield the energy as
Es -P dV = (Co'/S') 2 S'• + In (1 -S'• (14) o 1 -S'•
The above assumptions imply that the raw Hugoniot data do not satisfy (6). The use of (7) and ( As is evident in Figure 6 , the present result for the sound speed of the hpp of FeS•. is significantly above the value predicted by (18), whereas the sound speed of the hpp of Feo.,S lies somewhat below the (18) value. Considering the, at present, weak theoretical basis of the systematics displayed by Figure 6 , this relation should not be used as a constraint in reducing shock wave data. It is interesting that Scott [1973] has discovered that many of the same sulfides plotted in Figure   6 demonstrate a good correlation of Vickers hardness and compressibility. Hardness fundamentally involves shear modulus, or strength, and density, whereas the compressibility is, of course, simply related to bulk sound speed.
ISOTHERMAL EQUATIONS OF STATE
Using the principal isentropes calculated by the method outlined in the section on reduction to principal isentropes, a series of pressure-density isotherms are easily calculated by first calculating the temperature along the principal isentropes Table 4 . If the raw H ugoniot data are used to infer an approximate S content of the core, Table 6 demonstrates that the data for both hpp Feo. gS and hpp FeS,. indicate a systematic decrease in S content with depth in the outer core from • 10 to • 5%. This conclusion, which is difficult to reconcile with the hypothesis that the outer core is a convecting all-liquid system, is similar to that reached by Usselman [1975b] . This is demonstrated below to be an artifact of the higher compressions and hence higher shock temperatures achieved by Feo.
•S and FeS,. than by Fe at a given pressure.
The extreme solutions for the 3500 ø and 5000øK isotherms represented by description in terms of the shock wave equation of state (equation (7)) and the fourth-order finite strain relations (equation (9)) have been used to calculate apparent S contents using the QM-3 [Hart, 1977] the sun is 2.00 with a maximum value of 3.39 and minimum value of 1.17, whereas this ratio is 1.78 in CC1 carbonaceous chondrites. Using lower bounds of 9 and 6.5 wt % S in the outer and inner core implies 5.2 X 1024 mol of S in the core, whereas using 12 and 8.5 wt % S in the outer and inner core implies 7.2 X 1024 mol of S in the total core. The above values assume that no appreciable S is contained in the mantle. For pure pyroxene and olivine mantles, the assumed value of the Fe/(Fe + Mg) ratio of 0.12 [Ringwood, 1975] abundance upon earth accretion must also be involved if, as Ringwood [1977] proposed, FeO is a significant component of the core. The premise in Ringwood's argument against a sulfur-bearing core is that the earth accumulated the full chondritic, or.solar, abundance of S. As demonstrated above, the shock wave data are consistent with the earth's having sulfur as the major iron-alloying element in the core and also having the earth depleted in S by factors of 1.8-3.2 with respect to Si abundances or 2.8-7.5 with respect to Fe abundances in carbonaceous chondrites.
